We show that electrical switching in opal-VO 2 composites is governed by the electric field rather than voltage or current. This makes it similar to switching in chalcogenide glasses with the underlying mechanism identified as the field induced nucleation. However, the observed bias dependence of switching delay time is found to be noticeably different from that of standard VO 2 films on "smooth" substrates. This difference is attributed to the disorder effects in polycrystalline structures. The model of field induced nucleation is shown to apply when properly modified to account for that disorder.
I. INTRODUCTION
The phenomenon of switching between the insulating and conducting states of VO 2 has been long known 1 and found practical applications in IR imagers, 2 all-optical and electro-optical switches, 3 and modulators. 4 It can be readily triggered by heat since the bulk phase transition between these states takes place at temperature T c = 340 K. Other conceivable triggering factors include electric field, 5 electrostatic or photodoping, 6, 7 and stress. 8 Side by side with the above mentioned phase transition there is a phenomenon of electrical switching in VO 2 films. It is believed to occur nonuniformly in space via conducting filaments that appear in response to strong enough external bias and disappear upon its removal. 9, 10 However, the mechanism of such filamentation remains poorly understood. One point of view is that it is due to the electric current generating enough Joule heat to elevate temperature above T c . 9, [11] [12] [13] On the other hand, it was proposed that filamentation in VO 2 is similar to the dielectric breakdown in thin oxides.
14 Advocated in this paper is a point of view that filamentation in VO 2 is a largely athermal phenomenon driven by the electric field and it is similar in nature to that in chalcogenide based phase change memory and switches, resistive memory, and thin oxides.
Our investigation here is based on opal-VO 2 composites, which are systems combining properties of three-dimensional (3D) photonic crystals (opal) with a phase changeable component (VO 2 ) capable of strongly altering its dielectric permittivity. 15 They have been recently considered as prospective materials for ultrafast switching governing the light propagation. [15] [16] [17] However, the question of field induced transformations in opal-VO 2 composites compared to normal VO 2 films fabricated by laser ablation remains unanswered. Here the emphasis is on the mechanism of electrical switching in films of opal-VO 2 composites and its relation to that of the standard VO 2 films and other systems capable of switching.
The paper is organized as follows. Section II describes our samples, experimental setup, and results. Section III contains an outline of the field induced nucleation concept (Sec. III A) underlying our interpretation, further developed to account for the closeness to the bulk phase transition in VO 2 (Sec. III B), as well as the effects of disorder in the polycrystalline structure (Sec. III C) and the blocking electrodes (Sec. III D), leading to the predictions of the bias dependent switching delay times in Sec. III E. These predictions are compared to the experimental results in Sec. IV.
II. EXPERIMENT
Our opal-VO 2 samples were fabricated in the form based on ∼3 μm thick films based on the quartz substrates formed by the ten-layer opal structure of a-SiO 2 spheres, diameter of 350 nm each, where ∼26 % of volume fraction is taken by the interconnected pores. The pores can have either tetrahedral or octahedral shape with the average size of 70 and 140 nm, respectively. VO 2 synthesis was carried out inside the opal pores. The initial V 2 O 5 melt was injected into the pores under capillary forces. The subsequent hydrogenization reduced the composition to VO 2 . Both the elemental and phase composition were monitored by energy-dispersive X-ray (EDX) spectroscopy and x-ray diffraction (XRD) techniques before and after reduction. 18 According to our estimates, the pore filling factor does not exceed 50% and can have a moderate gradient toward the top of the film.
The planar gold strip contacts were deposited on the film by explosive lithography, 6 μm apart, as shown in Fig. 1 . Figure 2 shows the SEM micrograph of the opal-VO 2 composite surface. It can be seen that the opal pores are filled with VO 2 aggregates. Our earlier x-ray analysis 15 showed that such aggregates in opal-VO 2 composites are composed of finer grains with average size ∼30 ± 2 nm. The inset in Fig. 2 demonstrates the so-called "inverted opal." Presented in this structure, opal spheres were etched by the fluoric acid. As a result the VO 2 aggregates introduced into opal pores are well seen due to the etching induced high contrast.
Raman measurements of the synthesized opal-VO 2 composites in the same figure demonstrate that opal pores contain nanocrystallites of monoclinic VO 2 . As compared to that of nanocrystalline VO 2 film prepared by laser ablation technique, the Raman spectrum of opal-VO 2 composites in Fig. 2 show close similarity.
In our electrical measurements we used a set of generators providing the pulse duration in the range of (10 digital storage oscilloscope (Tektronix TDS 2022B) was used to monitor applied voltage before and after switching. In addition, a Peltier element was used to change the sample temperature in the range of T = 0 to 40
• C. Upon application of an electric pulse, the current between electrodes increased abruptly after certain delay (incubation) time τ d that was found to decrease exponentially with bias. That lead to the decrease of voltage across the device as illustrated in Fig. 3 . We note that various pulse forms of Fig. 3 500 nm 100 300 500 700
Raman shift (cm ) were often observed in several subsequent experiments on the same sample. Therefore, the fine details of these forms were not exactly reproducible, while the general trend and range of switching time remained well defined. We attributed the observed voltage changes to the formation of conducting filaments between the electrodes. In some cases, the measured signals demonstrated finer details similar to that observed in Ref. 14 and possibly related to the filament evolution and/or multiple filamentation. In our experiments we used various load resistances R L and ambient temperatures in order to verify the possibility of temperature driven switching and the role of Joule heat.
Our results are summarized in Fig. 4 along with the published data 20 on electrical switching in VO 2 films on the standard smooth substrates. Our data show that neither the load resistance nor the ambient temperature have significant effect on the observed switching; a similar observation was made earlier in Refs. 14 and 19 for plane VO 2 films. We conclude therefore that the observed switching is most likely field driven, hence falling in the same domain as the recently studied switching in chalcogenide glasses of phase change memory. 21 Another important feature is that while exponential in nature, the bias dependence of switching delay time in VO 2 -opal composites is substantially weaker than that measured for the standard VO 2 film.
Following the interpretation of switching in phase change memory, 21 we will describe the observed switching in VO 2 as the field induced nucleation of conducting filaments. 
The dispersion in our measurements is reflected in the finite size of the data points. Solid lines represent theoretical fits with Eq. (15) This phenomenological interpretation does not specify the microscopic nature of the conductive phase, yet it enables the description in terms of rather general nucleation theory leading to verifiable predictions.
III. THEORY

A. Field induced nucleation
A conductive, needle-shaped nucleus in an insulating host becomes energetically favorable under strong enough electric field E. The electrostatic energy decrease F E = −pE is due to the induced electric dipole p = αE. The polarizability α of a needle-shaped embryo of length h and radius R h can be estimated as α ≈ (h/R) 2 , where ∼ hR 2 is the volume. This is by factor (h/R) 2 1 greater than that of the equal volume sphere. A more exact expression is given by 22 
where ε is the electric permittivity of the host insulating phase and the effect of particle geometry is embodied in the depolarizing factor n. For a sphere, n = 1/3, A = 4πR 2 , and = 4πR 3 /3. For a prolate spheroid or cylinder of height H and radius R, the depolarizing factor is
This shows again that for particles of equal volume, the electrostatic contribution is greater for a needle-shaped particle by a huge factor of approximately (H/R) 2 1. The enhancement can be understood by noticing that the induced dipole of a metal needle-shaped particle must be of the order of p ∼ Eh 2 in order to screen the electric field inside it. While the exact shape of the embryo is not known, approximating it with ellipsoid or cylinder results is rather insignificant in some numerical multipliers, which we neglect in what follows. Along the same lines, we will neglect the weak logarithmic dependence in Eq. (2) approximating the expression in square brackets by unity.
For a mathematically more concise cylinder shape, the free energy is given by F = Aσ ± |μ| + F E , where σ is the surface tension (so that σ A with A = 2πRh is the surface energy), μ is the bulk chemical potential difference (per volume) between the insulating and conducting phases of the material, and we have chosen to use the ± notation in order to explicitly discriminate between the cases when the bulk conductive phase is more (μ < 0) or less (μ > 0) stable than the insulating one.
We will see that in the latter case, the conductive needleshaped embryo can still be energetically favorable if the field induced energy decrease [third term in Eq. (3)] is significant. Should that take place, the embryo will disappear upon field removal (unlike the case of μ < 0 where the embryo can exist in zero field). This feature corresponds to the observed switching property.
Taking into account also Eq. (1) the above free energy can be presented in the form
where we have introduced the units of the classical nucleation theory
They have the meaning of nucleation barrier (W 0 ) and radius (R 0 ) for spherical embryos, and E 0 is the characteristic field. These units are convenient (even though we deal with significantly nonspherical particles) because their numerical values are known for the typical material parameters For the typical parameters they are in the range of
It is readily seen that the embryo made of metastable bulk conductive phase [+ sign in Eq. (3)] remains energetically favorable when its aspect ratio is large enough,
In Sec. III B we discuss how these estimates can change in the proximity of the bulk phase transition. While Eq. (3) formally suggests that needles with R → 0 are most favorable, realistically R must be greater than some minimum value R min determined by extraneous requirements, such as sufficient conductivity to support a large dipole energy or mechanical integrity. A reasonable R min is of the order of characteristic interatomic distance, 21 that is, R min = αR 0 with α ∼ 0.1. In what follows, the dimensionless α ∼ 0.1 remains a material parameter. Because the field effect cannot be manifested by too thin particles, the free energy in the region R < R min is substantially larger than described by Eq. (3) and is approximated by a potential wall thereby limiting possible trajectories of nucleating particles in the (R,h) space to R > R min .
With the latter in mind, the nucleation barrier corresponding to free energy in Eq. (3) is given by
with the associated critical aspect ratio h c /R min = E 0 /(Eα 1/2 ) 1. It is significantly suppressed when E > E 0 α 3/2 . Correspondingly, nucleation of needle-shaped particles dominates over that of spherical particles.
Since created, the conductive needle-shaped embryo acts as a metal rod focusing the electric field and triggering further nucleation events. This leads to a conductive filament shorting the system. The primary nucleation remains a bottleneck setting the delay time τ d = τ 0 exp(W/kT ) with W of Eq. (7), which we identify with the observed switching time.
B. Field induced nucleation in the proximity of bulk phase transition
To account for the bulk phase transition at T c = 340 K in VO 2 , one can use the standard approximation μ = μ 0 (1 − T /T c ), where μ 0 is the chemical potential difference between the two phases at zero temperature. This will result in the corresponding renormalization, according to which the parameters in Eq. (4) will be replaced respectively with the following:
Because R min is determined by microscopic structure and remains practically independent of temperature, we observe that α ∝ (1 − T /T c ). Taking into account the latter scaling relations, Eq. (7) predicts that the nucleation barrier W is temperature independent. This conclusion is in striking difference with the prediction of classical nucleation theory that the nucleation barrier for for spherical embryos is strongly temperature dependent,
It is readily seen from the above that the field induced nucleation of needle-shaped embryos becomes exponentially more effective than the classical nucleation of spherical particles in the proximity of bulk phase transition. Indeed, the latter is characterized by the barrier that can be presented as W 0 = W 00 (1 − T /T c ) −2 while the temperature independent field induced nucleation barrier can be presented in the form W = W 00 α 3/2 00 E 00 /E, where W 00 , E 00 , and α 00 refer to zero temperature. As a result, the field induced nucleation can dominate already under relatively weak fields E > E 00 α 3/2 00 (1 − T /T c ) 2 . Here the characteristic values of "zero temperature" quantities W 00 , E 00 , and α 00 far from the bulk phase transition are estimated in Eq. (5) .
Quantitatively this effect can be rather substantial as 1 − T /T c ≈ 0.2 for the case of VO 2 at room temperature. Substituting here the above mentioned numerical numerical values yields E > 100 V/cm. Simply stated, the field induced nucleation dominates in the proximity of bulk phase transitions; the required electric fields can be either externally applied, say, in the form of low power laser beam, or generated internally as a result of minute material nonuniformities.
We note in this connection that needle-shaped nuclei in VO 2 have been observed indeed. 24 In the terms of field induced nucleation, that observation could be attributed to the local electric fields generated by the grain boundaries in the polycrystalline structure of VO 2 .
C. Effects of disorder
Structural disorder can have an exponentially strong effect on nucleation rate 25, 26 including the case of field induced nucleation. 27 This effect is due to the randomness of nucleation barriers in a disordered system leading to a broad dispersion of the observed nucleation times. In particular, "weak" local regions with lower than average nucleation barriers give rise to abnormally fast nucleation events.
Here we consider another disorder related mechanism that is due to the distribution of local electric fields across the system, which significantly changes the above discussed result in Eq. (7). This mechanism is a consequence of the polycrystalline structure of VO 2 . Characteristic of such a structure are random potential barriers associated with grain boundaries. These random barriers have exponentially different electrical resistances. The electric currents flowing through these random barriers will generate a broad distribution of electric potentials across them as illustrated in Fig. 5(a) . The latter give rise to a broad distribution of local electric fields. The larger than average local fields in that distribution will lead to the accelerated field induced nucleation.
Following the above reasoning, consider a transversal electric current pathway through the structure as a series of L/ l 0 1 random resistors,
Here L is the distance between the device electrodes, and l 0 is the linear size of one such a resistor, of the order of the average diameter of the VO 2 grains. In this series, the largest voltage drop is across the highest resistor R 1 .
If the resistors were purely ohmic, then the major portion of the applied voltage would drop across the resistor R 1 the voltage distribution is strongly affected by the resistors significant nonohmicity typical of the barrier structures. The mechanisms of such nonohmicity can vary between different systems; examples are the Pool-Frenkel effect, 28 electric charge redistribution, 29 local heating, etc. The nonohmicity will generally suppress the resistances in the series starting with that of R 1 . As soon as the highest resistance R 1 is suppressed down to the level of R 2 , most of the applied voltage becomes distributed between the resistors R 1 and R 2 . This will further suppress these resistances down to the level of R 3 , etc. Continuing along these lines, the entire voltage V will be eventually distributed among a large number of elements L/ l 0 1 in such a way that the least resistive of them will bear a relatively small portion δV min of the total potential.
The highest voltage drop in the above the series δV max can be estimated from the condition
Here we have assumed that the probabilistic distribution of voltage drops across the random elements in the series has the simplest possible form: it is uniform, with width ; the latter remains an unknown parameter in the present context. The case of strong disorder implies at least kT . Assuming that V max is significantly greater than V min , one can neglect the low limit contribution in the integral of Eq. (10), which leads to the following estimate of the strongest local electric field in the series:
This field should be used in place of E in Eq. (7). Equation (11) predicts that the above mechanism suppresses the nucleation barrier of field induced nucleation
The latter inequality can obey for realistic V ∼ 1 V, kT , and L/ l 0 1. Because given the total electric potential drop across the structure implies that E max < V /L we conclude that the inequality in Eq. (12) is a necessary condition for the above mechanism to work. Note that the enhancement ratio of the maximum over the average field can be rather substantial,
when L l 0 . For example, assuming ∼ 1 V, V ∼ 1-10 V (in connection with the data in Fig. 4) , and L/ l 0 ∼ 10 2 -10 4 yields E max / E ∼ 10-100. A comment is in order regarding the above concept of local field enhancement. It applies only in the case when the current flow has to overcome the highest resistors in the system. Along the lines of the standard percolation theory that happens when the system dimensions, particularly the length of the current pathways, are large enough exceeding the corresponding correlation radius of the percolation network. To the contrary, for the case of transverse conduction through disordered thin films, the current can flow through the easiest pathways, 30, 31 in which case the strongest field is of the order of its average value.
D. Role of device electrodes
The analysis in Sec. III C implied the electric current flow governing the distribution of the electric field through the system. That is tantamount to the inequality τ d τ M between the nucleation time τ d and the Maxwell (dielectric) relaxation time τ M , that is, electric currents having enough time to reach steady state before the nucleation takes place. The fast electric relaxation requires, in particular, that the electrodes do not exert strong blocking action upon the current flow. With the typical blocking electrodes used in switching devices this is achieved by placing a significant voltage drop V e across the electrodes in order to exponentially increases the electrode transparency, [32] [33] [34] as illustrated in Fig. 5(b) . The value of V e is typically of the order of 1 V; it is kept as a fitting parameter for the purposes of this paper.
E. Bias dependent nucleation time
Taking into account all the above consideration, the voltage dependence of switching time τ d = τ 0 exp(W/kT ) for uniform systems can be presented in the form
However it takes the following form for the system with strong disorder:
These equations were used to fit the data in Fig. 4 .
IV. DISCUSSION AND CONCLUSIONS
Generally, Eqs. (14) and (15) are overly flexible: it was found that either one can be used to formally fit the data by properly adjusting their corresponding parameters in
Therefore, the interpretation critically depends on the numerical values of fitting parameters and their relevance to the above theoretical predictions. We note in particular a useful relation
In deciding between the above two equations, a significant difference between the geometries of structures used in Ref. 20 and that of the present work needs to be taken into account. The former used L = 0.2 mm long, 5-10 μm wide, 0.1-1 μm thick bridge-like VO 2 films between two Al electrodes. To the contrary, the present work experiments were carried out on L = 6 μm long, ∼1 mm wide, ∼3 μm thick slit-like opal-VO 2 composites. In view of these numerical values, the important fact reflected in Fig. 4 is that, under the same voltages V , the former structures showed considerably shorter switching time in spite of the much lower average electric fields E = V /L.
Our interpretation of the above fact is that it is due to the much stronger nonuniformity effects in the long structures of Ref. 20 (15) . Taking into account the interpretation at the end of Sec. III C, we assume then that the samples dealt with in the present paper are thin enough to have multiple "shunting" paths determining their transversal conduction; hence the first of Eqs. (16) corresponding to Eq. (14) is more appropriate.
This approach returns the following fitting parameters: P 1 = −16 ± 1, P 2 = 39 ± 1, P 3 = 0 ± 0.2 for our original data, and P 1 = −23 ± 2, P 2 = 53 ± 4, P 3 = 1.9 ± 0.1 for the data of Ref. 20 . Based on the sample length ratio 0.2 mm/(6 μm)≈ 30 and assuming a rough estimate ∼ 1 V, we have used Eq. (17) to check the adequacy of our interpretation. We have taken into account that Eq. (17) relates the parameters corresponding to the same distance L between the contacts. When the two distances are different, the right-hand side of Eq. (17) must be multiplied by their ratio of 30. This enables one to estimate l 0 /L ∼ 2 × 10 −3 , where L = 6 μm, and thus the VO 2 grain size: l 0 ∼ 10 nm. The latter is consistent with the experimental estimates of the VO 2 grain sizes in Ref. 24 and with the x-ray data on VO 2 grains in opal pores, 15 thus rendering certain credibility to our interpretation. The difference between P 3 and P 3 can be attributed to the electrode materials used in Ref. 20 (Al) and in our work (Au) and pointing toward Au forming nonblocking electrodes with VO 2 . On the other hand, the difference between P 1 and P 1 can be due to the effects of electronic excitations in Ref. 20 using Si substrate and our work where the substrate was SiO 2 .
Multistep switching in Fig. 3 presents another observation consistent with our interpretation. Indeed, in the planar slit-like structure used in our experiments, switching can only be observable if it takes place in one of the "shunting" current pathways determining the voltage across VO 2 strip. In the regime of current source, switching in every other "shunting" pathway will subsequently contribute to the observed voltage drop. We note that similar multistep switching and switching time range were observed in the earlier work using slit-like VO 2 samples deposited on smooth Al 2 O 3 substrate, 14 where these current paths were identified by optical microscopy.
The microscopic nature of multiple switching in our samples remains an open question.
We note that our observations did not reveal any significant temperature dependence of switching times, which is fully consistent with the predictions of the field induced nucleation model in Sec. III B. Indeed, according to Eq. (9) the classical theory of phase transitions predicts very strong temperature dependence ln τ d ∝ (1 − T /T c ) −2 regardless of the microscopic nature of the underlying structural transformation. This predicts the change of approximately 7 in ln τ d between our probed temperatures of 0 and 40
• C, which has not been observed. To the contrary, the field induced nucleation model predicts only small temperature changes ln τ d ∝ 1/T , well within the range of statistical fluctuations in our experiments.
In conclusion, we have reported the results of our experimental study of switching phenomena in opal-VO 2 composite films. Measurements were conducted over long read pulses for a range of applied voltages and load resistances. In addition, we have proposed a theory rendering a quantitative interpretation of our and some published observations. Several of our key results are listed below.
(a) Switching times in opal composite films depend exponentially on applied bias and is independent on the electric current and actual temperature range.
(b) Relevant theory of field induced nucleation was developed and verified by fitting of experimental data.
(c) Thus experimental and theoretical results provide evidence of field induced nucleation of conducting paths being a mechanism of switching in VO 2 films and opal-VO 2 composites.
Finally, we note that our work leaves the microscopic aspects of switching in VO 2 largely unspecified. In particular, the models of electronic or photodoping, or stress induced transformations can be accounted for in our interpretation by introducing the corresponding dependencies of the nucleation parameters, for example, chemical potential μ and/or surface energy σ dependent on the charge carrier concentration, etc.
